In 1229 subjects, 521 males and 708 females, with a wide range in body mass index (BMI; 13.9-40.9 kg/m2), and an age range of 7-83 years, body composition was determined by densitometry and anthropometry. The relationship between densitometrically-determined body fat percentage (BF%) and BMI, taking age and sex (males = 1, females = 0) into account, was analysed. For children aged 15 years and younger, the relationship differed from that in adults, due to the height-related increase in BMI in children. In children the BF% could be predicted by the formula BF% = 1.51 x BMI-0.70 x age -3.6 x sex + 1.4 (R2 038, SE of estimate (SEE) 4.4% BF%). In adults the prediction formula was: BF% = 1.20 x BMI+0.23 x age-10.8 xsex-54 (R2 079, SEE = 41% BF%). Internal and external cross-validation of the prediction formulas showed that they gave valid estimates of body fat in males and females at all ages. In obese subjects however, the prediction formulas slightly overestimated the BF%. The prediction error is comparable to the prediction error obtained with other methods of estimating BF%, such as skinfold thickness measurements or bioelectrical impedance.
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determined BF% and BMI, taking age and sex into account, and to cross-validate the developed prediction formulas.
S U B J E C T S A N D M E T H O D S
Data from 1229 healthy subjects, 521 males and 708 females, were used in the present study. All subjects participated as volunteers in studies on body composition or energy metabolism of which the protocols were approved by the Ethical Committee of the Department of Human Nutrition. The subjects showed a wide age range (7-83 years) and ranged in BF% from 5 to 50. The BMI ranged from 13.9 to 40.9 kg/m2. The total group of subjects was randomly divided into two groups: group A, and a cross-validation group B. To facilitate the preliminary crude analysis on the age dependency of the relation between BF% and BMI, the population was divided into nine age groups: group 1, 7-10 years; group 2, 11-15 years; group 3, 16-20 years; group 4, 21-25 years; group 5, 26-35 years; group 6, 3 6 4 5 years; group 7 , 46-55 years; group 8, 56-65 years; group 9, 3 66 years.
Body-weight was measured to the nearest 005 kg with a digital scale (Berkel ED6O-T, Rotterdam, The Netherlands). Body height was measured by means of a rnicrotoise to the nearest 0001 rn. Body density was determined in duplicate by underwater weighing (to the nearest 0.05 kg, Sartorius 3826MP 8 1, Gottingen, Germany) with simultaneous determination of the lung volume by a helium dilution technique (Spiro-Junior, Jaeger GmBH, Wiirtzburg, Germany). In subjects aged 18 years and younger, BF% was calculated with an age-specific formula (Weststrate & Deurenberg, 1989 ; Deurenberg et al. 1990) . In subjects older than 18 years, BF% was calculated from body density using Siri's (1961) equation with corrections for age and level of body fatness (Deurenberg et al. 1989b, c) . Multiple stepwise linear regression (Kleinbaum & Kupper, 1978) was used to analyse the relationship between BF% as dependent variable and BMI, age and sex as independent variables, using the Statistical Package of Social Sciences/PC-1988-program.
Prediction formulas were developed for a population of children (aged < 15 years) and a population of adults (aged 3 16 years).
Some physical characteristics of the subjects in the validation and cross-validation group are given in Table 2 (p. 107) . ANOVA was used to test for differences between groups. Differences between measured and predicted parameters were tested for significance by the paired two-sided Student's t test. All results are expressed as means with their standard errors. Table 1 shows for males and females in each age group the correlation coefficient between BMI and body height and BF%. In the two lower age groups, that is until the age of 16 years, BMI and body height were positively (P < 0.001) correlated, whereas in the older age groups the correlation between BMI and height was not significant or even negative. For the total adult male and adult female groups the correlation of BMI with body height was -0.30 and -0.19 respectively (P < 0.01). BF% was also negatively correlated with body height (correlation coefficient -0.43 and -0.23 in males and females respectively, P < 0.001). After correction for the effect of BF% the partial correlation of BMI with body height in both males and females was 0.02, which is not significantly different from zero. In children BF% and body height were not correlated.
R E S U L T S
The correlation of BMI with BF% was generally higher in the adult groups. In the total group of children the correlation between BMI and BF% was 0.43 and 0 5 3 (P < 0.001),
whereas in the adult male and female groups the correlations were 0.75 and 0.76 respectively (P < 0.001). Therefore subsequent analyses were performed in two age Observed BF%
B O D Y M A S S I N D E X A N D BODY F A T P E R C E N T
f Prediction equations from Table 3 . categories : a population of children (age d 15 years) and a population of adults (age 3 16 years). Table 2 shows some physical characteristics of the subjects in the validation and cross-validation sample in children and adults. Neither the two groups of children, nor the two groups of adults differed significantly in physical characteristics. Although the BMI distribution was slightly skewed, log transformation did not improve the fit of the regression equations.
In group A of the population of children the relationship between BF% as dependent variable and BMI, age and sex as independent variables was analysed. Table 3 shows the stepwise multiple regression model. The prediction formula was validated in group B of the population of children. The difference between observed BF% and predicted BF% was not significant ( Table 4 ). Also in group B of the population of children the relationship between BF% as dependent variable and BMI, age and sex as independent variables was analysed. Table 6 . Observed body f a t percentage (BF%) and diference with predicted BF% in Ihe two populations of adults and the two combined populations of adults?
(Means with their standard errors)
Difference between predicted and observed BF% when predicted with equation from population2 Table 3 also shows the results of this stepwise multiple regression analysis. The prediction formula obtained was validated in group A of the population of children. The difference between observed and predicted BF% was not significant ( Table 4 ). Therefore the two groups A and B within the population of children were combined and the relationship analysed again. of the prediction decreased only by 0.03 YO. For convenience the prediction formula BF% = 1.51 x BMI -0.70 x age -3.6 x sex + 1.4 ( Table 3) , without the interaction term, was used in subsequent analysis. For the population of adults the same analyses were performed, that is, development of a prediction formula in group A, which was validated in group B and vice versa. Table 5 shows the stepwise multiple regression analysis performed in groups A and B, and Table   6 gives the cross-validation results. Although in the population of adults the differences between observed BF% and predicted BF% were sometimes statistically significant ( P < 0.05), they were very small (less than 0.5Y0). Therefore, the values for the two groups of adults were also combined. Table 5 also gives the prediction formula for the total population of adults. In the population of adults, sex (P < 0.001) and age (P < 0.05) slightly interacted with BMI, but taking both interactions into account the R2 only increased from 0.79 to 0.80, and the SEE decreased only from 4.06 to 4.03 YO. For reasons of convenience the prediction formula without interaction terms (BF% = 1.20 x BMI -10.8 x sex + 0.23 x age -5.4, Table 5 ) was used in subsequent analysis. Table 7 shows the observed BF% and the difference between observed and predicted BF% in several age groups. The predicted BF% did not differ significantly from the observed BF% in all age groups. Also when comparing observed and predicted BF% in males and females in different age groups, no differences were observed (results not shown). Table 8 shows the validity of the predicted BF% in groups of different apparent body fatness, based on the BMI. The BF% in obese subjects (BMI > 30 kg/m2) was slightly overestimated by the prediction formulas. This difference became statistically significant in obese subjects with a BMI 2 33 kg/m2 (n 19, ABF% = -1.9 (SE 04), P < 0.05).
In Table 9 the observed BF% and the predicted BF% using the final prediction equations from Table 3 and Table 5 for children and adults respectively are given for some populations described in the literature. The mean differences were in general less than 2 BF%, and the predicted value was always within the 95% confidence interval of the observed value.
DISCUSSION
When using a weight-height index to assess body fat, it is necessary that this index has a high correlation with BF%, but also that this index is not correlated with body height (Keys et al. 1972) , unless one assumes that body height and BF% are correlated (Garrow & Webster, 1985) . These two criteria hold in general for the Quetelet index or BMI more than for other weight-height indices (Keys et al. 1972; Norgan & Ferro-Luzzi, 1982) . However, in children from about 7 years onwards, the BMI is positively related with age (Rolland-Cachera et al. 1982) . In those children the increase in body-weight is faster compared with the increase in body height, and the BMI is theoretically positively correlated with body height. This was also observed in the present study. After the age of 16 years the positive correlation of the BMI with body height disappeared and became even slightly, but significantly negative.
In growing prepubertal children the BF% generally remains fairly constant and slightly increases only in pubertal girls (Forbes, 1987; Deurenberg et al. 1990 ), whereas the BMI increases during this period. It can be questioned therefore, whether the BMI is a suitable predictor for BF% in children under the age of 16 years. Therefore, the relationship between BF% and BMI was analysed separately for children and adults, i.e. for subjects aged < 15 years and subjects aged 2 16 years.
The negative correlation of the BMI with body height in adults was shown to be a negative correlation with BF% and was also found in some other studies (Womersley & Durnin, 1977; Sonsbeek 1985) . However Keys et al. (1972) and Norgan & Ferro-Luzzi (1982) generally found no correlation between BMI and body height. This disagreement between studies could be due to differences in age of the subjects studied. Both in the present study and in the study of Womersley & Durnin (1977) , this negative correlation was more pronounced in the older age groups. The correlation between BF% and body height shows that the statement that a weight-height index as a measure of body fat has to be independent of height, is not necessarily true, as also indicated by Garrow & Webster  (1 985) .
In a population of children the explained variance of the regression model was rather low (0.38-0.42, Table 3 ) compared with that of adults (0.79-0430, Table 5 ). Although the absolute prediction error (SEE) seemed comparable in children and adults, it was remarkably larger in children (24 % v. 16 %, expressed as percentage of variation, Tables 3 and 5). For this reason it may be questioned whether the BMI is a valid determinant for BF% in children.
Both in the population of children and in the population of adults the prediction formulas obtained in the validation sample A predicted the BF% in the cross-validation sample B quite well, and vice versa (Tables 4 and 6) . Consequently, the prediction formulas based on the total population of children and adults were used in further calculations.
The explained variances of the final regression models were, at least in the population of adults, rather high, but, more importantly, the prediction error (SEE) in BF% was rather 112 P. D E U R E N B E R G A N D O T H E R S low. There were significant interactions between BMI and age in children, and between BMI and age and sex in adults, indicating that the relationship between BF% and BMI was not identical at all ages, and statistically different between sexes in adults. These effects, however, had only a small impact on the prediction of the BF%, and were neglected.
The slight overestimation of the BF% in the obese subjects may be explained by the fact that the relationship between BF% and BMI is theoretically asymptotic at higher values of BMI. However, using BMI' or log BMI instead of BMI did not improve the percentage explained variance and hence the accuracy of prediction (results not shown).
Validation of the prediction formulas in populations described in the literature, showed predicted BF% values close to the observed values. They were always within the 95% confidence interval of the reported value, indicating that the prediction formulas also have a high external validity.
In the prediction formula obtained for the children, sex effects were less pronounced than in adults. This demonstrates the fact that in children the differences in body composition between the sexes are small compared with adults (Forbes, 1987) . Another difference between the prediction formulas for children and adults is that the regression coefficient for age was positive in children, and negative in adults. This means that, even when bodyweight (and thus BMI) is constant in adults, the amount of body fat increases with age. This is in accordance with the fact that the relative amount of fat-free mass (i.e. muscle mass) decreases with advancing age (Forbes, 1987) . In children the negative effect of age on the predicted BF% is the consequence of the height-related increase in BMI, due to the unproportional increases in weight and height.
The SEE values from the prediction equations in the present study are comparable with those found in other studies in which the relationship between BF% and BMI was studied, as in males only (Norgan & Ferro-Luzzi, 1982) or in groups of subjects with a smaller age range (Womersley & Durnin, 1977; . Garrow & Webster (1985) found that the BMI was better correlated with body fat mass (kg) compared with BF%. Also in this population, fat mass divided by height squared (FM/H2) correlated more strongly (R2 = 0.89) with BMI than did BF%, after taking age and sex into account. However, the SEE, expressed as coefficient of variation, was only marginally lower (15.9 YO compared with 16.2 %). It seems more convenient, therefore, to use the BMI as a measure of BF% and not of fat mass (kg).
The prediction error in the estimated BF% using formulas based on the BMI is comparable with the prediction error when using formulas based on skinfold thickness measurements (Durnin & Womersley, 1974; Pollock et al. 1975; Jackson & Pollock, 1978; Slaughter et al. 1988; Deurenberg et (11. 1990 ), for which in general a SEE of 3-5% BF% is reported. A prediction error of about 3-5 YO BF% has also been found in studies using the bioelectrical impedance technique (Lukaski et al. 1986; Jackson et al. 1988; Segal et al. 1988; Guo et al. 1989; Houtkoper et al. 1989) .
The estimation of the BF% from BMI is less dependent on intra-and inter-observer errors than skinfold measurements. Body-weight and body height are relatively easy to measure, but a well-trained observer is necessary for the measurement of skinfold thicknesses. Body impedance has to be measured under strictly standardized conditions to obtain reproducible results (Caton et a/. 1988; Deurenberg et a/. 1988) and is largely determined by the impedance of the extremities (Baumgartner et al. 1989; Fuller & Elia, 1989) , thus any inaccurate placement of the electrodes will cause relatively large errors. Well-trained observers are also necessary when using this method.
In summary, the assessment of BF% from BMI, sex and age provides accurate estimates of body composition. The use of different prediction formulas for children and adults is necessary. Prediction is more accurate for adults than children. The method is inexpensive
